Subsynchronous resonance (SSR) can bring signi cant negative e ects on the grid system like stability, security, and even generator sha damage. is work presents a new method of using a doubly-fed induction machine (DFIM) based system of variable speed pumped storage plant (VSPS) to mitigate SSR in the power system with high penetration of wind generation. e mitigation is reached based on the principle of balanced sha mechanical input power and electromagnetic power. e fundamental concepts and phenomena of SSR with wind farm are discussed in brief in this work. For the sake of analysis and veri cation of performance of the proposed system, the network model including wind farm, VSPS, HVDC, and synchronous machine is built based on Ningxia grid for the SSR study using PSCAD platform. e result shows that VSPS brings signi cant e ect to dampen the SSR in the power system with high penetration of wind generation.
Introduction
Subsynchronous resonance (SSR) in a power system is an electromechanical instability occurrence when the interaction exists between the torsional modes of generator sha s and e ect of series-compensated transmission line running with less than the nominal grid frequency [1] . e studies have also con rmed that the wind farms constructed with doubly-fed induction generator (DFIG) and connected to series capacitor compensated transmission lines are quite vulnerable to subsynchronous interaction (SSI) and cause the escalation of SSR in the power system. SSR brings signi cant negative e ects on the grid system like stability, security, and even generator sha damage [2, 3] . So, the analysis and mitigation for SSR is imperative.
ere are two categories in practice to mitigate SSR: one is primary machine parameters modi cation and the other one is the secondary control loop [4, 5] . e typical examples for the rst one are pole-face amortisseur windings at the generator rotor, blocking lter, TCSC, NGH damper, phase shi ers, static var compensator (SVC), etc. e most typical example of the second one is using generator excitation regulator. In addition, di erent supplementary damping measures of FACTS have been put forward in [6] [7] [8] . Besides, to mitigate SSR, a new method of using a doubly-fed induction machine (DFIM) based system of variable speed pumped storage plant (VSPS) is proposed based on the principle of balanced sha mechanical input power and electromagnetic power. Electromagnetic power can be calculated by the power ow of DFIM terminal to the grid, and thus controlled by the converters connected to the DFIM. By regulating injecting or absorbing active power of DFIM according to the generator speed deviation, the balance of the sha power will be maintained smooth; therefore, VSPS can provide damping for SSR and suppress transient torque ampli cation e ect. Regulating the absorbing or generating reactive power by the converters of the VSPS also keeps the AC voltage oscillations damped quickly. To analyse SSR and validate the performance of the proposed system, the network model including wind farm, VSPS, HVDC, and synchronous machine is built based on Ningxia grid for the study of SSR using PSCAD platform.
Problem Description Associated with Wind Generation
e SSR of DFIG originates from the resonance of the inductance-capacitance (L-C) of the components, but is reinforced by the converter control of DFIG. e latter, by greatly enlarging the negative resistance at the slip frequency, serves as the primary reason for the self-excitation of SSR, even under the context of a very low series compensation.
is has been explained by theoretical analysis and con rmed by eld observations [6] . It would signi cantly increase the absolute value of the negative resistance and thus contribute a lot to an unstable oscillation [2] . Consequently, DFIG is made much more vulnerable to the subsynchronous control interaction (SSCI)-type SSR. SSCI is emerged that there is a growing risk of SSR caused by the interaction between DFIGs and series compensated transmission line due to the increasing applications of wind power energy and series compensation.
In the SSR event, the frequency at di erent locations is identical, meaning all wind turbine generators (WTGs) and the network are engaged in the same SSR mode. But its value is not xed and keeps changing over time as well as the variation of the factors such as the network topology and number of online generators [6] .
According to the study of [7] , many SSR phenomena have been detected in Guyuan, Hebei in 2010. e current of both DFIG of the wind farm and transmission line oscillates with large magnitude at the subsynchronous frequency.
e proposed system in this paper is designed based on the IEEE second benchmark model of SSR so that the SSR can be well analysed. is wind generator model is shown in (Figure 1 ). An equivalent lumped machine is provided to represent a behaviour of a group of wind turbines. As many studies [11, 12] support this assumption, the aggregation of a wind farm provides a reasonable approximation for system interconnection studies. According to system studies [13] [14] [15] [16] , simulations of bulk system dynamics using a single machine equivalent is adequate for most planning studies.
Based on this lumped wind machine model, the system shown in (Figure 2) is considered for the case study for Ningxia grid that consists of large penetration of wind and PV generation with HVDC sending out. e synchronous machine mechanical system of the model consists of exciter, generator, low-pressure (LP) and high-pressure (HP) turbine sections. PSCAD model is built for Figure 2 for the case study and the detailed analysis is presented in the following section. e e ect of SSR is also distributed into the grid. e following Figures including Figures 3-5 show the e ect of SSR on the voltage, power ow and speed responses of wind farm, and HVDC operations.
While the synchronous generator is connected to the in nite bus AC-source, the operation is responding very well. But, when the in nite bus AC-source is shunted by RL components, the SSR starts due to the dominant e ect of the series capacitor which is interacted with the torsional sha mode of operation of the generator. e transition time is made at = 1.5 seconds. e RL remains connected for 0.2 s. However, even if the RL is disconnected, the resonance and the disturbance continue as in Figure 4 . e e ects of SSR in the power grid considered in Figure 5 are presented in the simulated waveforms shown in the following Figures.
It can be concluded that the SSR has signi cant e ect on the quality of voltage and power ow of the grid. It is more pronounced on the proximity where SSR is emerged. It leads to system failure and is a threat of power security. us, it needs to be suppressed by the appropriate method or technique. Some methods used so far have been presented in the introduction section in this paper. Besides, a new method of using a doubly-fed induction machine (DFIM) based system of variable speed pumped storage plant (VSPS) to mitigate SSR is proposed in this paper and discussed in the following section.
VSPS for the Mitigation of the SSR
e VSPS plays important roles in the power grid for its energy management, stability control and renewable energy resources smoothening. If it deploys a DFIM topology, it is very suitable in independent and fast active and reactive power controls. Another advantage includes that the speed of the machine is no longer locked to system frequency. us, in the steady state, the controls select the optimum relationship between gate position and speed to get the desired power. Hence, the eciency and the operation exibility of the conventional pumped storage running at constant speed can be noticeably increased by using variable speed groups. e VSPS, in general, has an immense advantages and bene ts for wind power uctuation compensation and other renewable energy smoothening, stability control, frequency control, and AC voltage control among others. us, it is suitable and veri ed that this new method of using a doubly-fed induction machine (DFIM) based system of variable speed pumped storage (VSPS) is capable of mitigating the SSR based on the principle of power balance between the machine sha power and electromagnetic power, which is regulated by the VSPS control strategy. e electromagnetic power can be calculated by the equivalent power ow of the VSPS in to the grid, and thus regulated by the converters connected to in the DFIM. e structure of the recommended system is illustrated with a single-line diagram shown in ( Figure 6 ). e VSPS power is de ned by (1) under − frame.
where , , v and , are, respectively, active power, reactive power, -axis voltages, and -axis currents of the stator terminal of the DFIM.
According to [12] , the VSPS is very e ective for regulating grid frequency and AC voltage, stability control and wind power compensation as it is proved and veri ed with the case study end experimental results. By regulating injecting or absorbing active power of DFIM, the balance of the power in the grid will be maintained. Regulating the absorbing or
generating reactive power by the converters of the VSPS also keeps the AC voltage oscillations damped quickly. erefore, this principle brings a balanced sha mechanical input power and electromagnetic power, which is able to suppress the SSR very quickly. Hence, VSPS can provide damping for SSR and suppress transient torque ampli cation e ect. To analyse SSR and validate the performance of the proposed system, IEEE second benchmark model of SSR is used. Based on the basic theoretical description of the VSPS DFIM presented in (1), (2), and (3), exible and fast control strategy is likely possible to design for mitigating the SSR in the power system. Since VSC allows the DFIM more versatile and exible for controlling, the VSC system is a preferable option and used in this study. Basically, two main methods including voltage-mode control and current-mode control exist for controlling active and reactive power in the VSC system. In a voltage-mode control, there is no control loop closed on the VSC line current. As a result, the VSC is not protected against over-currents, whereas, in the current-mode control, the VSC line current is tightly regulated by a dedicated current-control scheme. In this study, thus, current-mode control strategy is employed for controlling the real and reactive power that each VSC system exchanges with the corresponding AC system. e VSC also allows to adopt the droop control mounted on the PQ-control. e control design is presented in the following section. where; Ψ : -axis rotor uxes, Ψ : -axis stator uxes, :
-axis rotor currents, : -axis stator currents, : -axis stator voltages, : -axis rotor voltages, : magnetizing reactance, : rotor leakage reactance, : stator leakage reactance, : rotor resistance, : stator resistance, : electrical angular speed, : synchronous angular speed.
(2) e hierarchical control structure (the current controllers in the inner loops and the active/reactive power control in the outer loops) of VSC based DFIM topology is implemented in this study for its e ectiveness. To minimize the excursions of the grid frequency and AC voltage deviations caused by the contingencies, the outer loop control of the rotor side converter (RSC) is supported by the droop control. (Figure 7 ) illustrates the control structure proposed in this study. e droop control scheme is vested on the control strategy. Direct power control is an extension of direct torque control, which is a vector control family. In the implementation of direct power control, control of the instantaneous real and reactive power is independent, simple, and direct. In the application of VSPS, this type of control scheme attempts to assure having lower computational complexity and machine model dependency, direct controllability of active and reactive powers, very good transitory response, and lower overall implementation complexity than eld-oriented control scheme. It is also characterized by its fast-dynamic response against parameter variations and it does not utilize a rotor current control loop. e estimation of active and reactive powers is carried out using current measurements, and directly controlled with hysteresis controllers and a switching table. However, the frequency and voltage control are considered as open loop control. us, they need feedback signals to track the frequency and voltage uctuations very quickly for damping accordingly. e parameters determined and used in the VSPS plant are listed in Appendix. 5 Complexity substituting these and the values of = 0, and i in (4) to (1), the following hold.
Equation (5) explains that the active power and reactive power are independently controlled. is reveals that RSC o ers a proper AC excitation for the windings of the rotor that provides the stator windings proper active power and used for controlling the turbine output power and the reactive power which is measured at the terminals of the stator of the machine Based on [13] , with the implementation of the vector control method, the stator ux is aligned with the d-axis. Taking the stator ux equations in (3), one can deduce that Ψ = 0, and Ψ = Ψ . us, from equations in (3), the following are obtained.
Taking the assumption that the voltage drop across stator resistor is very small compared to the grid voltage, stator resistance can be neglected.
us, v = 0, and v = v . Hence, and are provided on both inner loops. e loops can now control and with the PI compensators. e PI compensator with as proportional gain and as integral gain of the compensator is de ned by Based on these mathematical models of (12) and (13), the control structure is built and illustrated in Figure 8 .
e outer loops are developed to generate the reference current − to the inner loops. From Figure 8 , the closed loop transfer function of -axis current can be de ned by Based on (5) and substituting the value of ( ) in (14) to it (5), the active power is expressed by (15) . erefore, the plant function of active power in (15) can be controlled by PI compensator. e control structure is shown in Figure 9 .
Where the PI-control is denoted by.
with and are, respectively, proportional and integral gains of the controller. e refence value of − is determined from the optimization of the hydraulic turbine.
Moreover, controlling of active power can ensure controlling of grid frequency. But, in the above model, frequency is controlled in a mode of open loop scheme. us, the frequency could not be fully regulated and leads to more excursions. Hence, the frequency needs to be designed in such a way that the frequency closed loop circuit is added to the above active power control loop as a concept of droop control. e droop control can compensate if some excursions of a grid frequency occur due to contingencies including SSR. e control structure is illustrated in (Figure 10 ). e droop constant is computed by (17). Taking the equation of (4) and di erentiating the rotor ux leakage equation of the -axis component with respect to time, the equation (6) holds.
Substituting the derivative value of in (4) to (2), equation (7) is derived.
Substituting the value of Ψ / in (7) to the -axis rotor equation of (2), equation (8) is derived.
Following the same procedures to the q-axis, equation (9) holds.
Equations of (8) and (9) power is controlled by controlling the DC voltage that ensures the converter operation at unity power factor. e VSC based model also allows the GSC to absorb or generate reactive power. So, since there is no reactive power exchange initially, the reactive power control can be handled only by inner loop of current control. e control design is presented in the following. Based on Figure 14 , the voltage equations across the coupling inductor in -frame are determined. e same procedure as done in the RSC is followed for developing the inner loops (current controllers). e equations are expressed by where and are resistance and inductance of the coupling inductor.
where, Δ is allowable deviation of grid frequency, Δ is and is the maximum power carried by the converter. e reactive power control design is presented as follow. From (5) and Figure 8 , the equation (18) holds. us, the dynamics of (18) can be controlled by applying PI control and the control structure is depicted in Figure 11 .
In this model, the AC voltage is controlled through controlling reactive power but the reference of reactive is set to a xed value. is leads to deviations and instability when contingencies occur. e reference value of the reactive value should be determined through the proportional value of change of AC voltage. is process is e ective by providing the droop control loop to add with the above reactive power control loop. e control structure of this new idea is shown in the Figure 12. e constant of the droop loop is determined based on the concept emerged from Figure 13 .
From Figure 13 , we can have (19).
Equation (19) states that with the voltage control units connected in parallel, the load compensation is likely made.
Control of GSC.
e objective of the active/reactive power controller of the VSC system is to regulate the active/reactive power exchange between the converter and the AC grid. Active e -axis is, for control design purposes, supposed to be set in phase with the voltage across the resistor, and neglecting the harmonics and losses due to switching in the converter, the active power balance equation is given by:
and on the output side, the current is where and are dc output voltage and current respectively. us, the d-component of the voltages in − coordinates becomes v g and zero that of v g . So, the active and reactive power equations are deduced by (30) and (31) respectively. ese equations prevail that active power is likely controlled by g and reactive power by g . Based on (32), the real power balance equation on the grid side can be given by: Equation (32) implies that the active power can be controlled by controlling the DC-bus voltage and in such a way that independently the DC voltage is controlled by controlling theaxis current g . In this controller, for the sake of mathematical formulation, it is supposed to be the DC side of the VSC is connected to an ideal DC voltage source that dictates the DC-bus voltage as shown in Figure 14 . us, the DC-voltage of the grid port requires proper regulation. e current controller as described earlier is ensured that the output current tracks the reference values generated by an additional external control loop, which performs the output active power regulation. is power regulation is con rmed by implementing the dc voltage control. e DC link dynamics of Figure 14 is given by e minimum value of required DC side voltage [15] is given by the inverter output voltage as, (28) = 1.5v g g = ,
∵ v g = 0,
(30) g = 1.5v g g , (31) g = −1.5v g g .
(32) g = 1.5v g g = .
(33)
To decouple the dynamics of g and g , the modulated signals of g and g are determined as. us, the two new control inputs for the inner current loops are de ned in (24) and (25) and supported by feed forward terms predicting g and g .
e compensator can be a simple proportional-integral (PI) compensator, g ( ) to enable tracking of a respective reference signal. e compensator is de ned by us, based on the plant function, g ( ) = 1/( + ) and considering the compensator g ( ) in (26), the closed-loop desired transfer function becomes if and only if g = / g and g = / g . Where g and g are proportional and integral gains. e gains are determined and then tuned based on the control stability theory until the better result is achieved. e control loop is illustrated in Figure 15 .
(26) g ( ) = g + g .
(27) g ( ) g− ( ) = g ( ) = 1 g + 1 , e capacitor current in dc link is controlled by the DC voltage controller to maintain the power balance between the grid and the converter. us, in balanced conditions, = 0 and = . Hence, the current reference value of g should ensure exact compensation for load variation. e complete block diagram of dc-link voltage controller is represented as in Figure 10 as the system equations are analysed in per unit [14] , where and are PI controller parameters, and is per unit capacitance of DC link. e load variation can be greatly reduced if feed-forward method is used. Otherwise, to reduce the large error, the large gain of voltage controller which is important from stability viewpoint is not necessarily deployed. Figures 17-19 show the responses of the proposed system and the analysis is compared with the simulated results presented in chapter two. e time duration for the case study is set as the same duration as the above discussion and description shown in Figures 3-5 . is is for arguing and verifying the hypothesis of the proposed system. Figures 17 and 18 show the response of machine terminal voltage and torque characteristics where the SSR model is in e ect on the wind farm. Comparing with the responses shown in Figure 5 , the oscillations in the torque characteristics are signi cantly reduced.
Simulation Results and Discussion
is is because the control strategy designed on the VSPS is capable of balancing the mismatch where , ℎ is peak phase voltage at the ac side and , is the line-line voltage. Since the DC-link dynamics of (33) is a nonlinear equation, the PI control parameters are to be determined by linearizing the operating point of the system model. For linearization of the system model, the input value − is speci ed as a reference and it yields the transfer function as.
To analyse this control loop, the inner current control closed loop is approximately de ned as rst order system with time constant which is about to be 2 [14] . is the time constant of the inner current loop plant function. us, the control structure of the DC voltage control is depicted in (Figure 16 ). by the VSPS reactive power control strategy. e VSPS is capable of generating and absorbing the reactive power and hence regulating the AC voltage oscillations based on the required and given reference voltage value using the AC droop controller.
Additionally, because of the SSR e ects on the system frequency and power ow, the e ects were elongated on the power ow in to HVDC system. However, due to the SSR reduction by the VSPS with its control strategy, the oscillation e ects on the wind farm, HVDC and synchronous hydropower plant are being minimal. ese results are shown in Figure 19 .
Conclusion
is paper presents a study on the mitigation method of SSR in the power system using VSPS plant. is new method is deployed to mitigate the e ects of SSR with the implementation of VSPS plant based on the principle of balanced sha mechanical input power and electromagnetic power of the VSPS. e droop-based direct power control strategy on the bases of -coordinate technique is designed. For the sake of implementation, IEEE second benchmark model is used and its e ect by simulation with the PSCAD platform discussed. A case of Ningxia power grid area is taken for the realization of the proposed system. e results show that the proposed VSPS system along with its appropriate control strategy achieves well-regulated power ow and AC voltage so as to reduce the e ects of SSR spreading in the power system. Hence, VSPS plant ensures to mitigate SSR which causes instability and security problem in the power grid.
Appendix Table 1 includes the parameters of the VSPS in the proposed system studied in this paper.
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Funding is research is supported by the project assigned by State Grid Ningxia Electric Power Co., Ltd. power between the sha power and electromagnetic power and in turn to reduce the torque oscillations and the regulated electromagnetic power to cancel the e ect of sha torque resonance interaction with series capacitor. e voltage responses become improved from the oscillations due to SSR. It is the reason that the SSR is compensated
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